Interface engineering is an extremely useful tool for systematically investigating materials and the various ways materials interact with each other. We describe different interface engineering strategies designed to reveal the origin of the electric and magnetic dead-layer at La 0.67 Sr 0.33 MnO 3 interfaces. La 0.67 Sr 0.33 MnO 3 is a key example of a strongly correlated peroskite oxide material in which a subtle balance of competing interactions gives rise to a ferromagnetic metallic groundstate.
I. INTRODUCTION
Oxide epitaxy has made tremendous advances in the past 15 years. Using techniques such as pulsed laser deposition (PLD) and molecular beam epitaxy (MBE), oxide epitaxy has evolved from merely depositing material with the right crystal structure onto a substrate to growing the material in a layer-by-layer fashion. The latter allows interventions during the growth and therefore enables the creation of artificial materials. The progress in epitaxy is due not only to improvements in the growth systems and growth monitoring, but also to a better understanding of the ways materials influence each other during heteroepitaxy.
Research has shown that perovskite oxide epitaxial layers are influenced by the boundary conditions applied by the epitaxy process. Properties are modified due to the presence of such phenomena as strain, polar discontinuities, and octahedral connectivity mismatch. This sensitivity offers the unique opportunity to engineer the materials structure. In this way, advanced epitaxy has become a research tool for understanding materials, because it allows different structural parameters to be disentangled. Some examples of the possibilities of advanced epitaxy are: tricolor superlattices 1 , compositional interface engineering 2-4 , modulation doping 5 , oxygen octahedra rotation engineering [6] [7] [8] [9] [10] [11] , interface dipole engineering 12 , transfer of electron-phonon coupling 13 , and defect mitigation 14 .
La 0.67 Sr 0.33 MnO 3 is interesting because it is a ferromagnetic metal with 100 % spin polarization 15 . It is therefore relevant to a variety of devices such as magnetic tunnel juctions 16, 17 , diodes 18, 19 , transistors 12 , and ferroelectric tunnel junctions 20 . All of these applications require control of the properties of La 0.67 Sr 0.33 MnO 3 at the interface. The half-metallic state in La 0.67 Sr 0.33 MnO 3 arises from a complex balance between competing interactions. The double exchange interaction favors conductivity whereas the superexchange interaction favors an insulating state. Furthermore, the material is susceptible to Jahn-Teller distortions that also favor electron localization. All these factors depend on the local crystal environment of the Mn ions. At interfaces the balance between the competing interactions is modified and an electrical and magnetic dead-layer is present 21, 22 .
Here we present a study of different interface engineering schemes for La 0.67 Sr 0.33 MnO 3 interfaces with a focus on the La 0.67 Sr 0.33 MnO 3 -SrTiO 3 interface. The goal is to systematically investigate different mechanisms thought to be responsible for the dead-layer behavior. In the following sections we discuss the polar discontinuity problem, the effect of disorder, and 2 the oxygen octahedra rotations.
II. EXPERIMENTAL
SrTiO 3 substrates were prepared using a standard BHF etching procedure 23 The repetition rate was 1 Hz and the substrate was placed at 5 cm distance directly opposite to the target. Before deposition, the target was pre-ablated for 2 minutes at 5 Hz to remove any possible surface contamination. After deposition, the PLD chamber was flooded with pure oxygen (typically 100 mbar) and the samples were cooled down by switching of the heater power. Typically, the cooldown required 2 hours. The growth of the films was studied in situ with RHEED during the growth. The substrate RHEED pattern is shown in Fig. 1 on the top left. The main specular spot is very intense compared to the two side spots. This is the typical signature of TiO 2 terminated SrTiO 3 27 . Kikuchi lines are visible as well, indicating the smoothness of the substrate.
The side spots are doubled, which is due to the additional periodicity at the surface from the regularly spaced terrace steps. The main graph in Fig. 1 shows the intensity of the specular reflection as measured during is presented as well. During the growth, the RHEED spots are periodically more streaky, because more stepedge scattering is present at half unit cell layer coverage compared to full unit cell layer coverage. Therefore, the FWHM oscillates as well. The FWHM depends only on the shape of the intensity distribution and not on the total intensity and it is therefore a better indicator of the surface morphology than the main intensity of the reflection. As can be seen in the figure, the FWHM during the growth is almost equal to the FWHM of the substrate reflection indicating a smooth surface morphology. From these measurements it is concluded that the initial stage of the La 0.67 Sr 0.33 MnO 3 growth proceeds in the ideal 2D
layer-by-layer growth mode.
During the growth of the film, an increase of the RHEED oscillation maximum intensity was observed, as presented in Fig. 2 . The oscillation intensity maximum typically peaked around 20 to 25 unit cell layers. The maximum in intensity was not observed during growth on an A-site terminated substrate surface, so it might indicate a termination conversion.
After this peak the oscillation intensity maximum decreased rapidly and the oscillation amplitude became comparable to the intensity variations in the laser pulse recovery cycles.
It is concluded that the La 0.67 Sr 0.33 MnO 3 growth mode during the latter part of the growth is close to the steady state growth mode which is characterized by a relatively constant step density, which is large compared to the step density of the initial substrate surface. La 0.67 Sr 0.33 MnO 3 is conducting, the mobile charges can screen the diverging potential. This screening, however, is only partial due to the fact that the charges are confined to the Mn sublattice. In Fig. 5a and 5b the electrostatic potential after the screening (effectively an electronic reconstruction of the polar discontinuity) is shown as well. Here it is assumed that the screening occurs completely in the first MnO 2 layer, which is consistent with the Thomas In order to remove the polar discontinuity, an sub-unit-cell atomic layer with a net charge of 1/3 e-/uc has to be inserted at the interface. This is shown in Fig. 5c The samples were analyzed extensively by STEM and electron energy loss spectroscopy (EELS) 2, 4 . It was found that in the non-IE samples differences between the top and bottom interface exist, due to the difference in stacking sequence at the interface. At the bottom interface (La 0.67 Sr 0.33 O terminated interface) a relatively large diffusion of La ions into the SrTiO 3 was found which is probably the result of a reconstruction of the polar discontinuity.
In contrast, the IE samples show similar top and bottom interfaces, in agreement with the design of the heterostructures.
The depth profiles of the magnetization in the superlattice samples was measured with polarized neutron reflectometry (PNR) 4 . The main result of the analysis is shown in Fig. 6 . However, even in the IE samples, the electrical dead-layer is still present and the question remains whether we can engineer even better interfaces. The amount of charge which can be transferred is limited by the potential drop due to the electric dipole between the transferred electrons and the positively charged dopants.
Eventually, the potential drop increases the energy of the SrMnO 3 conduction band to the energy of the SrTiO 3 conduction band and then the charge transfer stops. The maximum charge transfer is then given by:
in which x is the maximum charge transfer, ∆ is the energy difference between the SrTiO 3 and SrMnO 3 conduction bands, 0 is the permittivity of free space, K is the dielectric constant and d is the distance over which the charge transfer occurs. Therefore, the use of SrTiO 3 has a great advantage; its huge dielectric constant screens the potential drop.
It is possible to dope two e-/uc over a distance of two nm, which is an order of magnitude larger as the charge transfer by modulation doping in semiconductor structures. And at low temperatures, significant charge transfer can be present without significant band bending, as the dielectric constant of SrTiO 3 increases massively with decreasing temperature. We tested the modulation doping scheme by growing two samples with ten unit-cell-thick manganite layers. A schematic image of the two samples is shown in Fig. 8 
VI. OCTAHEDRA ROTATIONS AT THE INTERFACE
In the preceeding sections we presented improvements of the La 0.67 Sr 0.33 MnO 3 interface properties by removing the polar discontinuities and the intrinsic disorder at the interfaces.
However, the electrical dead-layer still remains. The likely origin of the dead-layer lies in the structural reconstructions at the interface 36, 37 . In this section we study the structure of the oxygen octahedra at the interface in detail.
The changes in the unit-cell symmetry resulting from different octahedral rotations have been systematized by Glazer Clearly a tilt system mismatch exists at the interface and because the oxygen octahedra network has to be continuous across the interface, structural distortions of the octahedra have to be present. As a result, both the anisotropic rotation type mismatch and the large difference (∼12 in bond angle will cause a strong discontinuity of the octahedra. In order to retain the connectivity of the corner shared oxygen octahedra across interface, the large octahedral tilt present in the NdGaO 3 substrate will propagate into La (Fig. 14c) . Within the SrTiO 3 layer, the oxygen octahedra rotations are also coupled to those of the NdGaO 3 , but the tilt angle relaxes quickly, i.e., the tilt of the TiO 6 octahedra disappears above two unit cell layers. Consequently, the La 0.67 Sr 0.33 MnO 3 connects to a non-tilted octahedra structure and therefore, within the STEM spatial resolution, there is no tilting of the MnO 6 octahedra (see Fig.14e ), neither at the interface nor away from the interface. Due to steep decay of the tilts in the SrTiO 3 , a one unit-cell-thick SrTiO 3 buffer layer suffices to significantly reduce the tilts in the La 0.67 Sr 0.33 MnO 3 (see Fig.14d Fig. 15c ).
Therefore, the short impact length scale of octahedra coupling becomes a unique tool that allows us to atomically engineer octahedra rotations at the interface and thus anisotropic properties at the atomic scale. The experiments demonstrate that interface engineering is a powerful tool for studying the properties of materials at interfaces systematically. Due to the importance of the local crystal structure, a main challenge for materials engineers is the control of the amount and 24 direction of the oxygen octahedra rotations at the interface. Next to the results shown in section VI other possible approaches to optimize La 0.67 Sr 0.33 MnO 3 interfaces are using buffer layers with the right rotation patterns, changing the A cation size at the interface, similar to bulk experiments in the manganites 50 , and using infinite layer compounds to eliminate the oxygen octahedra connectivity.
